Recently, the molecular basis of sulfone inhibition has been examined in cell-free systems (17) . It has become increasingly apparent that virtually all sulfa drugs inhibit the activity of dihydropteroate synthetase. McCullough and Maren (10, 11) have shown that diaminodiphenylsulfone (DDS) competes with p-aminobenzoic acid (pABA) for the active site on dihydropteroate synthestase in cell-free systems from Plasmodium berghei and Escherichia coli. In addition, it is believed that other sulfones (e.g., N-substituted sulfones), when tested in vivo, owe their limited bacteriostatic activity to their conversion to DDS (13) .
Nitro-substituted sulfones possess antimeningococcal activity that differ qualitatively from that of the amino-substituted sulfones and sulfonamide antimicrobial drugs (15) . This study examines the molecular interaction of various sulfones with partially purified dihydropteroate synthetase from Neisseria meningitidis to identify structure-activity relationships and to verify earlier observations with whole organisms.
MATERIALS AND METHODS Chemicals and isotopes. All sulfones were obtained from Aldrich Biochemical (Milwaukee, Wis.), except 4,4'-diformamidodiphenylsulfone, 4,4'-diacetamidodiphenylsulfone, 4 -amino-4'-formamidodiphenylsulfone, and 4-amino-4'-acetamidodiphenyl- ' (20) tests. The insoluble amides were dried and recrystallized from absolute ethanol, yielding for the N-diacetyl derivative white crystalline needles with mp 292 C and for the N-diformyl derivative yellowish crystals with mp 234 C. A 1% contamination with DDS depressed the melting point of the diacyl derivatives (mp 288 to 291 C, N-diacetyl; mp 229 to 233 C, N-diformyl). The infrared spectra determined on KBr pellets showed the absence of free aromatic amine peaks (3,460, 3,320, 1,625 cm-') in the diacyl derivatives, the presence of strong SO2 stretching at 1160 to 1120 cm' and 1,350 to 1,300 cm-', and the presence of characteristic amine absorption (1,700 to 1,660 cm-'; 1,530 to 1,510 cm-'). Nuclear magnetic resonance studies in deuterated dimethyl sulfoxide as solvent failed to reveal any evidence for free aromatic amine. Paper chromatography on Whatman 3MM in trifluoroacetic acid-1 N hydrochloric acid (1:1, vol/vol) failed to reveal any free amine in the diacyl derivatives. The R, values in this system are: DDS, 0; N-diformyl, 0.90; N-diacetyl, 0.96. These data indicate that the N'-diacyl derivatives to be better than 99% pure.
Stock solutions of sulfones and sulfonamides were prepared by dissolving the compounds in 1% dimethyl Synthesis of pteridines. 2-Amino-4-hydroxy-6-hydroxymethylpteridine (6-hydroxymethylpterin) was prepared by the condensation of 6-hydroxy-2,4,5-triaminopyrimidine sulfate with 1,3-dihydroxyacetone in the presence of hydrazine hydrate (4) . The pyrophosphate ester of 6-hydroxymethylpterin was prepared and purified by the method of Ho et al. (6) . Immediately before use, the 6-hydroxymethylpterin pyrophosphate was reduced to 2-amino-4-hydroxy-6-pyrophosphorylmethyl-7,8-dihydropteridine (6-pyrophosphorylmethyl-7,8-dihydropterin) with dithionite as described by Futterman (5). The 6-pyrophosphorylmethyl-7,8-dihydropterin was purified chromatographically and identified by a comparison of its ultraviolet absorption spectrum with authentic samples (19) . The concentration of 6-pyrophosphorylmethyl-7,8-dihydropterin was estimated by ultraviolet absorption at 330 nm (pH 7.1), using a molar extinction coefficient of 6,200 mM-I cm-' (12) . Assay of dihydropteroate synthetase activity. Dihydropteroate synthetase activity was measured by the incorporation of "4C-labeled pABA into dihydropteroate by a modification of the radioactive assays of Iwai and Okinaka (8) and Richey and Brown (14) . Each reaction mixture contained in a volume of 0.36 ml: Tris-hydrochloride buffer (pH 8.0), 10 mM; MgCl2, 3mM; 2-mercaptoethanol, 10 mM; 6-pyrophosphorylmethyl-7,8-dihydropterin, 2.5 mM; [14C]-pABA, 0.88 to 11 MM; inhibitor as indicated; and partially purified dihydropteroate synthetase, 0.007 mg. Controls contained all components except enzyme and pyrophosphate ester and were run to ensure that all the product obtained was due to the enzymatic reaction. Constituents were mixed well. and the reaction was started by the addition of enzyme. The complete enzyme reactions were carried out under anaerobic conditions (argon gas). Reaction mixtures were incubated for 30 min at 37 C and were stopped by inserting the tubes in a boiling-water bath for 1 min. The total reaction mixture was applied fractionally (in an area of 2 cm2) to Whatman 3MM chromatography paper. The chromatograms were developed by descending chromatography with 0.1 M potassium phosphate buffer (pH 7.0) for 3 h at 25 C. Tris-hydrochloride buffer (0.1 M, pH 8.0) could not be used as the developing solvent since no clear separation between the product pteroate and the unreacted pABA occurred. After the chromatogram was dried (dihydropteroate is oxidized to pteroate during the drying process), the pteroate spots at the origin were observed as blue fluorescent areas under ultraviolet light. The unreacted pABA migrated with an R, value of 0.78. Areas ranging from 1 cm below to 1.5 cm above the origin were cut out into fine pieces and placed in scintillation vials. The product was extracted into the aqueous phase by the addition of 1 ml of water. After the addition of 10 ml of Bray (2) scintillation fluid, the vials were counted on a Packard (Downers Grove, Ill.) model 3320 scintillation spectrometer.
All enzyme assays were repeated five times, and the data presented represent the average of these experimental values. Assays were reproducible to within 1%. Enzyme activity is expressed as nanomoles of dihydropteroate produced per 30 min/mg of protein.
The concentrations of sulfonamides and sulfones required for 50% inhibition of dihydropteroate synthetase activity were determined by interpolation from the experimental data with at least four inhibitor concentrations.
Organism, preparation of cell extracts, and partial purification of dihydropteroate synthetase. The properties and preparation of cell extracts from N. meningitidis M-166 were reported previously (7) . Crude extracts were fractionated with ammonium sulfate (30 to 65%), and the 65% precipitate was dissolved in 0.01 Tris-hydrochloride buffer (pH 8.0) containing 2 mM ethylenediaminetetraacetic acid (EDTA). The resulting solution was gently stirred for 2 h at 4 C and centrifuged, and the supernatant was dialyzed against the same buffer for 6 h at 4 C. The nondialyzable material was applied to a column (1.5 by 90 cm) of Sephadex G-25 that had been equilibrated with 0.01 Tris-hydrochloride buffer (pH 8.0). The same buffer was used to elute the enzyme from the column. The fractions from the trailing edge of the main protein peak were combined and further purified chromatographically on a column (2.0 by 100 cm) of Sephadex G-100 equilibrated with 0.01 M Trishydrochloride (pH 8.0). Elution with this buffer (2.5 ml/fraction per 10 min) completely separated dihydropteroate synthetase from the major protein peak (Fig. 1) . This partially purified enzyme was used for dihydropteroate synthesis. The enzyme preparation was stable for at least 3 months at -15 C.
Miscellaneous measurements. Protein was determined by the method of Lowry et al. (9) 
RESULTS
General properties of meningococcal dihydropteroate synthetase. Enzyme activity was observed from pH 6.0 to 9.0, with optimum activity at pH 8.0, in Tris-hydrochloride buffer. This value is similar to those reported for dihydropteroate synthetase from Plasmodium berghei (11) and E. coli (10) . The Km values of 2.0 x 10-6 M for pABA and 2.0 x 10-4 M for hydroxymethyl dihydropterin pyrophosphate were obtained from reciprocal plots of the initial velocity versus substrate concentration (6) . The observation that Mg2+ or other divalent cations were not required for enzyme activity even after treatment of the extract by (i) ammonium sulfate fractionation (30 to 65%), (ii) Sephadex G-25 and G-100 column chromatography, and (iii) extensive dialysis suggested that these ions were tightly bound to the enzyme molecule. These protein-bound divalent cations, however, could be removed by the addition of 2 mM EDTA. The incubation time with EDTA was critical, the optimum period being 2 h at 4 C. During this time, 5% of the total enzyme activity was lost after exhaustive dialysis against 0.01 M Tris-hydrochloride (pH 8.0) at 4 C. Divalent cations stimulated the activity of the EDTA-treated dihydropteroate synthetase (Fig. 2) . Mg2+ was more effective than Mn+ or Cu2+, whereas Ca2+ and Zn2+ had no effect. Monovalent cations (Na+, K+, NH4+) were also without effect. Maximum enzyme activity was obtained at plete reaction mixture, a small but significant activity was observed which indicated that pyrophosphokinase, the enzyme catalyzing the synthesis of hydroxymethyldihydropterin pyriphosphate, had not been completely separated from dihydropteroate synthetase.
Comparative effects of sulfones and sulfonamides on dihydropteroate synthetase. Sulfones and sulfonamides selected on the basis of current chemotherapeutic application, molecular structure, and availability were tested for their ability to inhibit meningococcal dihydropteroate synthetase. The competitive nature of this inhibition is illustrated in Fig. 3 through 5 . Table 1 . DISCUSSION Woods (21) postulated that the enzymatic reaction catalyzed by dihydropteroate synthetase was subject to competitive inhibition by sulfanilamide and that this inhibition was due to a structural analogy between the substrate VOL. 7, 1975 on September 23, 2017 by guest http://aac.asm.org/ ANTIM!CROB. AGENTS CHEMOTHER.
pABA and sulfanilamide. Our results demonstrate that sulfadiazine was three times more effective as a competitive inhibitor of dihydropteroate synthetase than sulfanilamide. A cursory examination of the bulky aromatic substituent on sulfadiazine reveals a lack of similarity to the structure of pABA. The structures of sulfadiazine and pABA show analogy only if substituents out of the plane of the sulfamyl moiety are ignored. Moreover, DDS, which also has a large aromatic substituent, was found to be approximately nine times more effective an inhibitor as sulfanilamide. If we only consider the common planar elements of these compounds, then all equally resemble pABA in structure. It follows then that the added substituents (beyond the common plane) play an important role in the inhibitory activity of the compound. The marked inhibitory activity of DDS may be attributed to its symmetry, which provides, in one molecule, two identical planes quite similar to pABA. This arrangement may conceivably facilitate the binding of DDS to the active site of dihydropteroate synthetase.
Several investigators (1, 3) have defined the essential characteristics of sulfur-containing inhibitors to predict their chemotherapeutic potency. The basis for these predictions was the relative electronegativity of the sulfone group in these compounds, the most effective sulfonamide exhibiting a pKa of 6.7. This is true for sulfadiazine. However, DDS, which is a weak base with no readily dissociable H+, is a better inhibitor and, thus, provides an additional exception to the Bell-Roblin correlation (16) .
The mode of action of sulfones tested in vitro and in vivo is similar to that of the sulfonamides. It has been assumed that substituted sulfones are chemically transformed in vivo to the active form DDS, which in turn inhibits dihydropteroate synthetase (18) . Our results with a partially purified source of enzyme demonstrate the competitive nature of sulfone inhibition and, thus, support the results of others (10, 11) that showed the similarity of its mode of action to that of the sulfonamides.
However, the inhibitory activity of 4-amino-4'-acetamidodiphenylsulfone and 4-amino-4'-formamidodiphenylsulfone in this system eliminates the conversion to DDS as a requirement for activity.
An amino group at the para position has been considered essential for the inhibitory activity of sulfa compounds (13) . However, both 4,4'-diacetamidodiphenylsulfone and 4,4'-dihydroxydiphenylsulfone have a clearly demonstrable inhibitory activity. Also, diphenylsulfone, which lacks substituents at the para position, competitively inhibits dihydropteroate synthetase.
Other portions of the molecule may be of importance, the inactivity of dimethylsulfone indicating that the aromatic ring structure may be essential for inhibition. Moreover, strong electron-withdrawing elements such as F-lend support to a requirement for electron density at the sulfone group (1) for inhibitory activity.
